 Agroforestry can make a substantial contribution to the European Climate Change Strategy.  The potential of agroforestry will only unfold when the barriers to implementation are addressed through the most efficient solutions.
holding the greatest mitigation and adaptation potential were the adoption of practices capable to increase soil organic carbon pools and the implementation of multifunctional hedgerow and windbreaks respectively. We believe that our solution scanning approach could contribute to the implementation of the European climate strategy in general and to the Common Agricultural Policy in particular by pointing to concrete climate beneficial actions.
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Introduction
Europe is warming faster than many other parts of the world. Over the past decade the European land temperature has increased by 0.3°C more compared to the global average rise since the preindustrial era (IPCC, 2013) . Although all EU Member States are affected by climate change, the impacts will vary across sectors and countries.
Agriculture is particularly dependent on the climate, therefore farming activities will need to adapt, particularly in the southern and south-eastern regions of the EU where the negative effects will be greatest (EC, 2015a) . At the same time, agriculture also releases greenhouse gases (GHG) to the atmosphere. Around 10% of Europe's GHG emissions are derived from agriculture (EEA, 2012) . Consequently, European agriculture will need to both adapt to climate change to enhance resilience and mitigate climate change by reducing its emissions.
Agroforestry has been identified as one of the most promising measures capable to integrate both targets (Martineau et al., 2016) . It can be considered a nature-based solution to climate change (NBS) as it is supported by nature and can simultaneously provide multiple environmental, social and economic benefits (Cohen-Shacham et al., 2016; EC, 2015b) .
Agroforestry and climate change
Agroforestry can play a significant role in mitigating the atmospheric accumulation of GHGs while helping farmers adapt to climate change (Sharrow and Ismail, 2004; Lal, 2004; Verchot, 2007; Mosquera-Losada et al., 2008; Aertsens et al., 2013; Mbow et al., 2014; Upson et al., 2016) . In particular it offers important opportunities of creating synergies between both adaptation and mitigation actions (Verchot et al., 2007; Shoeneberger et al., 2012) .
Two key beneficial attributes of agroforestry systems in terms of mitigation are direct C storage in trees and soils and the potential to offset immediate GHG emissions (Dixon, 1995) . Agroforestry systems are able to store more C than conventional arable systems (Baah-Acheamfour et al. 2014) and have a global technical mitigation potential of 1.1-2.2 Pg C sequestered within terrestrial ecosystems over the next 50 years (IPCC, 2007) . In particular, agroforestry practices can deliberately enhance the soil organic carbon (SOC) pool, the only terrestrial pool storing C for millennia (Lorenz and Lal, 2014) . Aertsens et al. (2013) estimated a theoretical annual sequestration from agroforestry of 1.56 Pg C in the EU27, if it was introduced on 90 million ha of arable land and 50 million ha of pasture land. However, the proposed system would lead to decreases in agricultural production. For example, Upson (2014) calculated that a poplar system at 10 m x 6.4 m spacing in the UK would sequester 2.7-2.9 t C/(ha year) in trees, but arable crop production was no longer profitable for 12 years after tree planting. A long-term agroforestry system that integrates trees on crop or pasture land and allows agriculture to remain productive over the long-term is likely to sequester C at a lower level. Although the values cited by Aertsens et al. (2013) may be excessively high, they indicate that there is strong potential for agroforestry practices to be expanded in Europe (Mosquera-Losada et al., 2016) , contributing positively to the EU climate change strategy (EC, 2013) .
Agroforestry can also reduce the negative impacts of climate change and enhance resilience of European farmers, for example by reducing the effects of extreme weather events. In Spain, an experiment combining short-cycle cereals and late sprouting walnuts demonstrated that partial shade could offer protection from the from the more frequently occurring spring heat waves that are damaging cereal crops in Mediterranean countries (Arenas-Corraliza et al., 2016) . Additionally, agroforestry systems could provide greater stability through more diversified enterprises with different sources of income and products distribution over time providing a buffer against yield fluctuations caused by unstable climate or extreme weather events. For example, silvopastoral systems allow farmers to establish a tree crop (which can for example provide timber and fuelwood) whilst maintaining forage and livestock production (Méndez et al., 2010; Cubbage et al., 2012) . A summary of agroforestry benefits for climate change is presented in Table 1 . Besides, agroforestry can provide diverse ecosystem services (Tsonkova et al., 2014; such as enhanced nutrient cycling, reduced risks of soil erosion and flooding (Rivest et al.,2013; Carroll et al., 2006) , increased biodiversity , and integrated pest management and improved resistance to diseases (Bianchi et al., 2006; Beer et al.,1998) . Due to their environmental and socio-economic benefits, agroforestry systems represent an important value for society in general and for the agricultural sector in particular (Aertsens et al., 2013) .
Agroforestry in Europe
The European Union has defined agroforestry as "land use systems in which trees are grown in combination with agriculture on the same land" (EU, 2013a). It has been estimated to cover 15.4 million ha of land in the European Union (EU 27) (den Herder et al., 2017) . When adding grazed shrublands (2.7 million ha) and homegardens (1.8 million ha), the total cover of agroforestry amounts to ca. 20 million ha (Mosquera-Losada et al., 2016) . About 90% of this area is linked to silvopastoral practices, a combination of forestry and grazing of domesticated animals. Agroforestry is promoted through the EU Common Agricultural Policy (CAP) Pillar I as one of the choices of the ecological focus area (EFA) greening options (EU, 2013b 2013 (art.22, art.23) , in recognition of its role in reducing C emissions and promoting C sequestration, which would help to fulfil the requirements of the Paris Agreement.
Realising the climate benefits of agroforestry
Despite its high potential, agroforestry has not yet been adopted on a large scale as a mitigation or adaptation mechanism in most countries of the EU, and its uptake is growing slowly due to several socio-economic and technical challenges (Martineau et al., 2016; Garcia de Jalon et al., 2017) . In particular, the high practical experience needed to deal with complex management and the lack of reliable advice and financial support are strong barriers for farmers to implementing agroforestry systems (Martineau et al., 2016) . To enable agroforestry in Europe to contribute to climate change, these barriers need to be identified in more detail and overcome. Hence, the aim of this paper is to explore these challenges, and to determine the most suitable set of solutions that combines local effectiveness with European scale relevance. In particular, we prioritize a set of potential solutions for mitigation and adaptation to climate change by consulting European agroforestry experts.
Methods
To facilitate a comprehensive list of agroforestry-based solutions, we performed a "solution scanning" exercise. Solution scanning is a structured, step-wise methodology to identify a long list of actions, interventions, or approaches that respond to a broad challenge (Sutherland, 2014) . Such a list can be useful in a broader decision-making process to produce practical or policy interventions, but also for setting research agendas (Dicks et al., 2017; Sutherland et al. 2014 ). Firstly, a goal is defined, which is derived from a normative societal concern about change or loss (Pullin et al., 2013) . Secondly, experts are asked to list what interventions they are aware of from their own experiences that can leverage the system toward the stated goal. Thirdly, the interventions are collated and redistributed to the experts, where they are assessed, cross-checked, and prioritized according to a given criteria (Fazey et al., 2006; Plieninger et al., 2017 ).
We applied a solution scanning exercise in two steps. In the first phase, we identified the challenges threatening the sustainability of agroforestry in Europe and scanned the corresponding solutions through participatory workshops. The solutions obtained were classified into direct and indirect solutions to climate change. In a second phase, the direct solutions were then prioritized through expert consultation.
First step: scanning challenges and solutions for sustainable agroforestry systems
Agroforestry systems need to be sustainably managed in order to produce long-term benefits (Schoeneberger et al., 2012) . Due to this precondition, we built on previous studies assessing farmer attitudes towards agroforestry in Europe (e.g. Liagre et al., 2005; Graves et al., 2009 Graves et al., , 2017 García de Jalón et al., 2017) but took these further by identifying the barriers impeding their sustainable implementation and scanning the corresponding solutions. We did this by analysing the reports from 42 participatory agroforestry workshops held with local stakeholders across four agroforestry systems in 12 European countries within the AGFORWARD project in 2014 (www.agforward.eu). We focused on the different categories of European agroforestry systems identified by Burgess et al. (2015): (i) agroforestry systems of high nature and cultural value which are widely recognized for their biodiversity and heritage values (e.g. traditional systems such as the dehesa, montado, and other forms of wood pasture and hedgerows) (10 workshops), (ii) agroforestry systems with high value trees (e.g. grazed or intercropped orchards or olive groves)(10 workshops), (iii) agroforestry systems where the crop component is of main interest (e.g. windbreaks in arable systems)(11 workshops), and (iv) agroforestry systems centering on livestock production (e.g. fodder trees for ruminants)(11 workshops).
The workshops had a common design but allowed flexible formats to adapt to different audiences. During the first part, the stakeholders identified the positive and negative perceptions of agroforestry whose outcomes were analysed (García de Jalón et al., 2017) . In the second part of the workshops, the participants discussed the main challenges affecting their agroforestry systems and proposed solutions.
For the purpose of this study, we focused on the outcomes of the open discussions. From each workshop, the qualitative information was extracted and tabulated codifying the whole challenges and solutions proposed according to the agroforestry system and country. Then, the itemised challenges were processed, eliminating redundant and unclear formulations. The remaining challenges were sorted into three major categories of challenges: 1) socio-economic viability, 2) supportive governance, and 3) adequate management. The frequency in which each challenge was reported was calculated, and those challenges with higher values were filtered as subcategories. Later, the distribution of the challenges across countries and agroforestry systems was analysed. Next, the proposed solutions were listed and scanned in a similar fashion as the challenges. They were then classified as direct and indirect solutions. Direct solutions are those agroforestry management practices that have the potential to mitigate and/or to adapt to climate change impacts. Indirect solutions are those that enable sustainable agroforestry systems in a broader sense, for instance appropriate governance structures, viable socio-economic factors or adequate practices. They provide the foundation for effective implementation of direct solutions. To ensure that the solutions are relevant to specific challenges but still applicable at European scale, we filtered those that were proposed by at least two stakeholders groups from two countries and/or agroforestry systems. Lastly, the resulting solutions were matched with the challenge subcategory that they were most suitable to address, and a summary list was generated. 
Second-step: prioritizing solutions for climate change
The direct solutions were prioritized through an expert consultation process. We used Google Forms which facilitate online surveys that can be responded individually while allowing different respondents to answer simultaneously. In July 2017, the questionnaire was pretested by the research team. After having refined its configuration, a total of 165 experts working directly with agroforestry systems management in Europe at local, national or European scale were invited to the self-administered online survey. Members of the AGFORWARD project, the European Agroforestry Federation (EURAF), and the European Innovation Partnership for Agriculture (EIP-AGRI) focus group on agroforestry were invited to rank the solutions according to their potential contribution to climate change.
The survey was divided into four parts. Firstly, the consultation process and the criteria needed to accomplish the prioritization exercise were explained. Secondly, the participants were asked to provide information on their role and on their type of knowledge about agroforestry systems, using the classification of expertise by Collins and Evans (2007) . Thirdly, the respondents were asked to rate the solutions according to their potential benefits for climate change mitigation and adaptation along a Likert scale (1: very low, 2: low, 3: medium, 4: high or 5: very high). The experts were invited to propose additional agroforestry-based solutions. A final ranking of the top-ten prioritized solutions for mitigation and adaptation was created.
Data analysis
All statistical analyses were performed using MATLAB (MathWorks, Natick, MA, USA). A p-value <0.05 was considered significant for all statistical tests. In the first step, Student's t-tests were applied to the final number of challenges (n=220) and solutions (n=182) classified in the major categories: socio-economic viability, supportive governance and adequate management. We tested for differences of challenges and solutions across agroforestry systems types (4) and European countries (12). Finally, we explored potential correlations between the countries' centroid coordinates (CIA World Factbook, 2011), challenge types, and solution types. The results derived from the expert consultation were analyzed to assess significant differences between adaptation and mitigation solutions by performing two-tailed Student's t-tests across role types (scientists / policy-maker / practitioner / NGOs / others) and knowledge types (contributory / interactional / primary / popular / contextual). Finally, we compared the level of agreement between all role types and knowledge types using pairwise Pearson's correlation analyses.
Results

Analysis of the challenges to agroforestry systems
A total of 665 local stakeholders participated in the AGFORWARD workshops. They identified 220 challenges. After processing, 155 challenges remained from which 41 related to problems of socioeconomic viability, 39 to a lack of supportive governance, and 76 to inadequate management of the agroforestry systems.
The distribution of reported problems across European countries was uneven. Problems related to adequate management were the most reported ones and were significantly more frequent than socio-economic (p = 0.0007) and governance challenges (p = 0.0014). For example, those related to management were the only challenges described in Romania and Sweden (Figure 2 ). Workshop participants in Hungary and the Netherlands identified the lack of supportive governance in 40% of their total challenges while in United Kingdom, there was no reference to any governance issue. Problems related to the socio-economic viability of agroforestry systems were reported with similar frequency (20%-32%) in all countries except for Romania and Sweden (Figure 2a ). We found no clear geographical patterns across south-north/west-east European countries.
Across agroforestry system types, socio-economic related challenges were not significantly different from governance and management challenges. However, significant differences persisted between the last two (p = 0.04). Managers of intercropped (68%) and livestock systems (63%) reported more often problems related to complexity and inadequacy of their management practices. On the other hand, managers of agroforestry systems of high nature value and arable farms reported higher challenges related to inadequate governance and socio-economic viability (55%) (Figure 2b ).
Solution scanning
A total of 263 solutions were proposed across all workshops. After pre-processing, 53 vague solutions were eliminated and 46 were merged with similar solutions proposed at workshop level. At the end, 164 remained. The amount of reported solutions to improve management of agroforestry systems was significantly higher than those proposed to adequate governance (p = 0.026) and socioeconomic viability (p = 0.005). After filtering those solutions identified by stakeholders groups in two or more countries and agroforestry systems, we obtained 33 indirect and 28 direct solutions to climate change. Being aware that they may address simultaneously several challenges, we matched all solutions to the problem they were most suitable to address ( Table 2 ).
The highest number of indirect solutions were proposed to improve the markets conditions for agroforestry products (5) and to overcome the lack of knowledge and expert support to agroforestry managers (5) by for example developing effective payments for ecosystem services schemes or implementing exchange and training programmes for farmers. 
Prioritization of agroforestry-based direct solutions to climate change
The 28 direct solutions, 14 to mitigation and 14 to adaptation, were ranked through an online survey by European experts. The complete list of direct solutions can be found in the supplementary material.
Fifty respondents from 15 European countries participated, to with France (28%) and Germany (12%) being the most represented. From the participants, 39 identified themselves as scientists (78%), 2 as policy-makers (4%) and 9 as practitioners or facilitators (18%). The response rate (30%) was similar to that of related studies (e.g. Rosenberg et al. 2010; Rudd 2011; Braunisch et al. 2012; Hernandez-Morcillo 2017) , where return rates obtained were within the range of what can be expected from a web survey (Kaplowitz et al. 2004 ). Most of the participants identified their type of knowledge as contributory (52%) and interactional expertise (28%).
Overall the t-test revealed significantly higher potential benefits (p = 0.0002) assigned to agroforestry-based solutions to adaptation (3.77 ± 0.15 SEM) than to mitigation (3.57 ± 0.12 SEM). This effect was also consistent for the two sub-groups, e.g. scientists (p = 0.0018) and non-scientists (p = 0.0473), and for three knowledge types, e.g. contributory (p = 0.0137), interactional (p = 0.0021) and primary (p = 0.0354). Significant agreement between scientists (n=39) and non-scientists (n=11) was found overall (r = 0.814, p = 1.38×10 Generally, no significant difference was found between solutions prioritized by scientists and those by non-scientists. However, agroforestry-based solutions to adaptation received higher values from non-scientists than from scientists ( Figure 4) . As for agroforestry-based solutions to mitigation, the highest prioritized action to sequester C emissions (Figure 4a ) was to test agroforestry practices that improve SOC (4.20 ± 0.21). For reducing GHG (Figure 4b ), the use of low carbon technologies in farms to manage agroforestry systems was considered the least important solution (2.58 ± 0.29) while investigating the use of woody biomass was most highly ranked (3.56 ± 0.26) by scientists. Regarding solutions for adaptation through enhanced resilience (Figure 4c ), the most highly ranked action (4.42 ± 0.18) with high agreement among all experts was to test optimal agroforestry designs adapted to different climatic conditions. Regarding solutions to reduce climate change threats (Figure 4d ), promoting the use of windbreaks and hedgerows was assessed by scientists and nonscientists as the solution with highest potential (4.32 ± 0.19).
In Table 3 , we present the top-ten solutions for mitigation and adaptation. Increasing C sequestration by improving SOC and using adapted tree varieties to diverse climate conditions were among the top-five solutions to mitigate climate change. For adaptation, the solutions considered with the greatest beneficial potential were mostly referring to enhancing farmers' resilience. Special interest was dedicated to modeling and testing optimal designs of agroforestry systems adapted to different climatic conditions, enabling diversified products opportunities while maintaining their quantity and quality. Respondents provided fifteen additional solutions which can be found in the supplementary material. 
Discussion
In this study, we make the case that agroforestry in Europe can deliver long-term climate benefits, but these are often inhibited by strong barriers. Both direct and indirect actions are needed to harness the contributions of agroforestry to climate change mitigation and adaptation. Our solution scanning exercise presented has been useful in: i) identifying the challenges to sustainable agroforestry in Europe, ii) matching solutions to each challenge which can be implemented at European level, and iii) prioritizing agroforestry-based solutions for climate change mitigation and adaptation.
From challenges to solutions
Although barriers vary across countries and agroforestry systems, our exercise identified a number of common issues. The majority of stakeholders considered the low profitability of agroforestry systems as one of the most important challenges to implementation (c.f. Garcia de Jalon et al., 2017) . Many ecosystem services provided by agroforestry are often not compensated financially for the benefits they provide Garcia de Jalon et al., 2017) . The most commonly identified solution to address this issue included the development of safe economic routes, meaning the diversification with marketable products, and improvement of business opportunities through targeted marketing strategies.
In many cases, integrating trees into arable or livestock systems requires the use of new skills, techniques or equipment (Calfapietra et al., 2010) , and unfamiliarity with appropriate management practices and lack of expert support can be barriers to uptake (Martineau et al., 2016) . National demonstrations and education programs could help addressing these challenges (Garcia de Jalon et al., 2017) . In particular, the development of guidelines, training programs and exchange opportunities among agroforestry managers were identified as suitable solutions. Besides, to showcase local innovations and disseminate the benefits among farmers and policy makers could positively transform their visions on agroforestry.
In addition to these issues, farmers have to deal as well with administrative constraints. Conflicts with the eligibility criteria from CAP direct payments and the lack of flexible subsidies were a common concern. For example in the Spanish dehesa, farmers highlighted the difficulty of retaining full eligibility of wood pastures for Pillar I CAP payments (Garcia de Jalon et al., 2017) . A wider appreciation of agroforestry within the CAP and its support through long-term subsidies could help solve these issues.
Agroforestry-based solutions to climate change
The experts consulted showed high agreement on the prioritization of the solutions for climate change, independently of their role and knowledge type, suggesting that the ranking was robust. The recognition of agroforestry as a mitigation strategy under the Kyoto Protocol has improved its appreciation as a C sequestration strategy (Nair et al., 2008) . Four of the top five ranked agroforestry-based solutions to mitigation, targeted increasing C sequestration by accumulation in soil or woody biomass. In line with published evidence, the adoption of practices capable to increasing SOC pools is considered as holding the greatest mitigation potential. For example, planting trees together with N-fixing vegetation can increase C and N concentrations in the soil (Johnson and Curtis, 2001) . Additionally, broadleaf trees with deep and extensive root systems and high belowground to aboveground biomass ratios may enhance the potential for C sequestration (Lorenz and Lal, 2014) .
The use of innovative tree varieties adapted to different climatic conditions was highly ranked (total rank 4 and 5) by all experts. Use of adequate genetic material was considered a key action for adaptation and mitigation as well. A greater understanding of tree variety responses to climate change can be studied through local experiments that consider climate-related traits in measurement and design (Rehfeldt et al., 2002; Alfaro et al., 2014) . For animal-pollinated crop and tree species in particular, research is also needed on the effects of climate change on their reproductive capacity (Hegland et al., 2009) . Studies have further stressed the need to monitor the response of tree varieties to fires, pests and diseases since their incidence is expected to increase (Verchot et al., 2007; Syampungani et al., 2010; Schoeneberger et al., 2012) .
The fact that adaptation solutions received significantly higher values than the mitigation ones could indicate that experts show higher concerns to reduce threats and enhance resilience to climate change impacts in Europe. Around 90% of the top agroforestry-based solutions to adaptation pointed to actions that alter the microclimate to maintain high and diversified production. The most preferred solution to reduce climate change threats was the development and maintenance of multifunctional hedgerow and windbreaks. Hedgerows play an important role for agricultural production as their positive impacts on field crops are diverse (Cleugh, 1998; Mayus et al., 1999) . They improve crop yields, reduce soil erosion, improve water efficiency, protect livestock and conserve energy (Schoeneberger, 2012) . Establishing hedgerows in agricultural landscapes has also potential for creating wildlife corridors, allowing the movement of populations (Hilty et al., 2006) to places with better climate conditions.
Conclusions
Although agroforestry is a widespread practice in the EU-27 (den Herder et al., 2017) , the expansion of existing areas of agroforestry and the establishment of new agroforestry systems has remained limited (Martineau et al., 2016) . This study highlights that the most common challenges for uptake are a lack of knowledge and expert support to ensure adequate management and a lack of financial support from the EU Common Agricultural Policy.
The most commonly proposed solutions to address these challenges were the development of training and expert support programmes for managers, and improved sharing of best practices on how agroforestry can support climate mitigation and adaptation actions in different regions of the EU. There is also a need to resolve the mixed-messages within the current CAP on the financial impacts of tree planting on agricultural land, so that agroforestry can fully contribute to climate mitigation and adaptation.
Given the potential of agroforestry and the ambitious climate goals of the EU, the promotion of agroforestry is particularly pertinent in those European regions where the negative effects of climate change are greatest. Promoting agroforestry would benefit the integration of the mitigation and adaptation targets for agriculture within the overall EU climate strategy. The substantial co-benefits provided by agroforestry means that it could serve as a metaphor for the development of synergies between mitigation and adaptation policies. In that sense, agroforestry is an exemplar for the
